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The specificity of papaya proteinase IV (PPIV) has been examined with small substrates and a protein. With both classes of substrate, the enzyme 
shows a marked selectivity for cleaving glycyl bonds. Boc-Ala-Ala-Gly-NHPhNO, is a convenient substrate for routine assays that discriminate 
well against chymopapain, the most common contaminant of PPIV. Sixteen cleavage points in p-trypsin were identified, of which 13 are glycyl 
bonds. Tentative suggestions are made as to the reasons for lack of cleavage of some other glycyl bonds. The structure of PPIV has been modelled 
on that of papain, and we suggest that the replacement of the highly conserved residues Gly-65 and Gly-23 by arginine and glutamic acid, respective- 
ly, can account for the specificity of PPIV. 
Specificity; Papain 
1. INTRODUCTION 
PPIV is a cysteine proteinase that is abundant in latex 
from the unripe fruit of the papaya (Carica pap@@ 
plant [l]. It displays a high degree of sequence identity 
with other proteinases from the same source, and is 
clearly a member of the papain superfamily of cysteine 
proteinases [2]. Despite the similarity in primary struc- 
ture, there have been strong indications that the 
substrate specificity of PPIV is very different from that 
of other members of the superfamily. PPIV failed to 
cleave several amide substrates, and caused only limited 
hydrolysis of casein [l]. The purpose of the present 
study was to elucidate the specificity of PPIV with small 
substrates and a protein. 
2. EXPERIMENTAL 
2.1. Materials 
,&Trypsin was prepared according to 131. The papaya proteinases 
were purified from papaya latex as previously described: papain [1,2], 
chymopapain [4] (with modification to complete the removal of 
PPIV), PPIII [4] and PPIV [1,2]. The cysteine proteinases were stan- 
dardized by active-site titration as described [5], and for active-site 
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titration of PPIV, this method was adapted for the use of Boc-Ala- 
Ala-Gly-NHPhNOt as substrate (from Bachem Feinchemikalien AG, 
Bubendorf, Switzerland). Boc-Ala-Ala-Gly-NHMec and Boc-Ala- 
Ala-Ala-NHMec were synthesized by Dr C.G. Knight of the Strange- 
ways Laboratory. The chemicals used for Edman degradation were of 
sequenal grade from applied Biosystems. 
2.2. Determination of kinetic parameters 
Continuous rate assays in 100 mM sodium phosphate, 1 mM ED- 
TA, 0.005% Brij 35, 2 mM cysteine, pH 6.8, were used to determine 
K,,, and k,,, values. For the analysis of the hydrolysis of Boc-Ala-Ala- 
Gly-NHPhNOz, experiments were done at 20°C in a recording spec- 
trophotometer. Substrate concentrations ranged from 0.10 to 4.35 
mM. Hydrolysis of Boc-Ala-Ala-Gly-NHMec and Boc-Ala-Ala-Ala- 
NHMec was followed in a Perkin-Elmer fluorimeter (excitation 360 
nm, emission 460 nm) at 30°C with the aid of a personal computer 
running the FLUSYS software [6]. Substrate concentrations ranged 
from 5 to 80pM for the glycine substrate, and 16 to 130pM for the 
alanine analogue, the upper limit being determined in both cases by 
solubility. In all cases, K,,, and k,,, values were found by non-linear 
regression analysis (Enzfitter, Elsevier-Biosoft, Cambridge, 
England). 
2.3. Hydrolysis of bovine fl-trypsin with papaya proteinase IV 
Trypsin was reduced with 2-mercaptoethanol in 6 M guanidine HCI 
at 40°C for 10 h and alkylated with iodoacetic acid. The salts were 
removed by dialysis in 0.1 M potassium phosphate buffer, pH 6.5, 
containing 1 mM EDTA and 2 mM dithiothreitol. The carbox- 
ymethylated trypsin (3 .O mg in 1 .O ml) was not completely soluble at 
the start of the digestion, when 2% (w/w) PPIV was added. The mix- 
ture was allowed to stand at room temperature (about 22°C) and 
samples were taken after 10,30,60, 120 and 240 min for analysis. The 
enzymatic reaction was stopped by adding formic acid to a final con- 
centration of 20% (v/v). Peptides were purified by HPLC on a Bio- 
Rad Cls column eluted with aqueous acetonitrile containing 
trifluoroacetic acid. Individual peptides were sequenced with an Ap- 
plied Biosystems gas phase sequenator model 470 A [7]. Phenyl- 
thiohydantoin derivatives were identified on line with the 120A 
HPLC [8]. 
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3. RESULTS AND DISCUSSION 
3.1. Action on small suhsirates 
The earlier finding that PPIV rapidly cleaved Boc- 
Gly-OPhNOz [l], was followed up by the testing of 
analogous amide substrates which are potentially more 
suitable for routine use. K, and kcat values were deter- 
mined for three substrates with all four known papaya 
cysteine proteinases, The results (table 1) show that 
Boc-Ala-Ala-Gly-NHPhNO~ would discriminate in 
favor of the detection of PPIV in mixtures of these pro- 
teinases, largely through differences in k,,,. The 
substrate is significantly sensitive to papain, also, but 
its low sensitivity to chymopapain is of practical impor- 
tance, because chymopapain can be a p~ticul~ly 
troublesome contaminant in the isolation of PPIV [If. 
Used in conjunction with Bz-Arg-NHPhNOt, which is 
cleaved by the other papaya proteinases but not PPIV 
[ 11, Boc-Ala-Ala-Gly-NHPhN02 readily distinguishes 
PPIV from the other enzymes in fractions from 
chromatographic olumns. 
A fluorimetric analogue of the nitroanilide, Boc-Ala- 
Ala-Gly-NHMec, was also cleaved most effectively by 
PPIV, the major difference between the papaya pro- 
teinases again being in kCBt. PPIV does not cleave 
peptide-NHMec substrates that are used for the other 
papaya proteinases uch as Z-Phe-Arg-NHMec [ 1,5], so 
that the use of two fluorimetric substrates can show the 
proportions of individual proteinases in mixtures. In 
addition, the sensitivity of Boc-Ala-Ala-Gly-NHMec 
allows the detection of PPIV at the picomolar concen- 
trations encountered in work with tight-binding in- 
hibitors. 
Substitution of Ala for Gly in the NHMec substrate 
at position Pl (in the terminology of [9]) greatly 
decreased the value of kcat, causing a 30-fold reduction 
in the specificity constant, k,,JZ&. 
3.2. Action on ~~trypsi~ 
Analysis of the samples from the digestion mixture 
by HPLC showed that virtually no uncleaved trypsin re- 
mained at 30 min. The enzyme hydrolyzed the insoluble 
fraction of the carboxymethylated trypsin, and initially 
119 Val QWvGW Tyr Thr OtiZ G!y Ala ban Thr Val Pm Tyr Gln Val Set- Lw 
(1) (2) (3) 
As, Ssr Gly?yr His Rs W G?y Gl~%w La, lie &” 2+x- Gin Trp Val Val 
(4) (5) (61 
2ar Ala Ala His QIC Tyr LyS 9~ GW Ile Oh Val Arg Leu Gi,“,” AW Asn 
(7) (9) 
118v#Wt Val Val Glu G$AM Gin Qln Rle I19 99~ Ala Ser LyS Ser I19 Val 
(cud (9) 
Hi9 Pm Ser Tyr ABn 9% Acn Thr Lw Asn Asn .WJ Ile Wt Lw 119 Ly9 Lw 
Lys Ser Ala Ala 99r L%1 *8n Ser A?9 Val Alla 99r Ile SW LW Pm hr 99,. 
arC Ala Scar Ale G&%r Gln bn: law 119 Ser GJy WP &AM Thr Lye Set 
( 10) (11) (18) 
2er e$mr ser Tyr Pm &p va1 Lw Ly9 as Leu Ly9 Ala Fe-0 I19 L9u 3arv 
($3) f13A) 
AMI Sarr Ser arC Lys Ser Ala Tyt- Pm GlyGln 119 Ihr Ser Aan Met Re OIC 
(14) 
Ala G$i’y, L9” Glu Gl/Qly ,.ys Asp Ser on: Gin Gly Asp Ser GlyvGl,’ Pm 
(15) (16)(17) (18) (19)(20) 
Val Vat CdS9r G$Lys LW Gin G?y 11% “al 2.~ Trp Gly-&S ff$4? Ala 
(2oAf (21 f (22) (23) 
Gin LYa Aw LYS Pm 01~ Val Tyr Thr Lys Val DIG *sn Tyr V81 99r Trp If9 
(255) 
Ly5 QlR mr 11e Ala Ser Asn 
Fig.1. Points of cieavage of reduced, carbox~ethyIated~-t~sin by 
PPIV. Glycyl bonds, and others that were cleaved, are nurnb~~ for 
reference. CmC, carboxymethyl-cysteine; v, cleavage detected after 
10 min; v, cleavage detected only after 30 min (see text for details). 
produced long peptides that were then further hydrolyz- 
ed as the time of incubation increased. Peptides were 
isolated from the IO-min and 30-min digests for iden- 
tification (fig. 1). Thirteen of the sixteen cleavages were 
at glycyl bonds, the remainder having isoleucine, serine 
and cysteic acid in P 1. Four of the glycyl bonds not 
cleaved (bonds 2,5, 17,20) were adjacent o others that 
were, so that the glycine residues would have become 
terminal or sub-terminal in the digest, and thus resistant 
to endopeptidase action. Some of the uncleaved bonds 
contained proline in P2 or Pl’ (bonds 14, 20, 25) or 
carboxymethyl-cysteine in these positions (bonds 3, 5, 
24), which were not seen in any of the bonds cleaved, 
Table 1 
Kinetic constants for the hydrolysis of substrates of PPIV by the papaya proteinases 
Enzyme Substrate 
Boc-Ala-Ala-Gly-NHPhNOz Boc-Ala-Ala-Gly-NHMec Boc-Ala-Ala-Ala-NHMec 
(I%) (pi:, 
k&L k km/Km kcw’& 
(s-‘mM_‘) $&) ““: (s- ) (s-‘mM_‘) (~~) 
(2;) (s-‘mM_‘) 
Papain 1.4 1.6 1.14 0.14 2.0 14.3 ND ND ND 
Chymopapain 4.2 0.5 0.12 0.23 0.4 1.7 ND ND ND 
PPIII 4.2 0.5 0.12 0.17 0.1 0.6 ND ND ND 
PPIV 5.2 22.0 4.23 0.16 5.0 31.2 0.08 0.08 1.00 
Hydrolysis of the nitroanilide substrate was at 20°C and of the coumarylamide substrates at 30°C as described in the text. The SEM for all values 
given was less than 10% of the mean. ND, not determined 
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and by analogy with the specificity of some other en- 
dopeptidase, may be excluded by the specificity of 
PPIV. 
In view of its narrow specificity, PPIV shows pro- 
mise of being a useful reagent for limited proteolysis in 
the laboratory, in amino acid sequencing and dissection 
of proteins for other purposes. 
3.3. Molecular modelling of PPIV 
In an attempt o account for the distinctive specificity 
of PPIV, we have constructed a three-dimensional 
model on the basis of the amino acid sequence and the 
known structure of papain (Brookhaven Protein Struc- 
ture Data Bank, Entry PIPPD). Since PPIV is 67% 
identical with papain in amino acid sequence [2], the 
polypeptide backbone structure can be expected to be 
very similar, as is that of actinidin with only 48% se- 
quence identity to papain [lo]. The model shows that 
the structure of the Sl substrate binding site of PPIV is 
greatly altered by the presence of glutamic acid and 
arginine, respectively, at positions 23 and 65, which are 
both glycine residues in all other cysteine proteinases 
for which sequences are available. These residues are 
located in one wall of the active site cleft, close to the 
catalytic cysteine 25, and their side chains form a bar- 
rier across the upper part of the cleft effectively ex- 
cluding residues with long side chains from the Sl bin- 
ding site. Although some flexibility may be present, the 
glutamate/arginine barrier would be substantially 
rigidified by hydrophobic packing of the methylene 
groups and strong charge-assisted hydrogen bonding 
between the guanidino and carboxyl head groups of 
their respective side chains. The presence of the barrier 
would greatly hinder the binding of substrates with side 
chains that extend past Cfl. Substrates with glycine at 
Pl would bind with no difficulty, and although small 
side chains such as those of alanine or serine may be ac- 
commodated, this would occur at the expense of a 
decrease in the stability of the transition state relative to 
a substrate binding with no strain. The barrier may also 
prevent binding in a conformation optimal for attack 
by the reactive thiol of Cys-25, so that such substrates 
would be hydrolyzed with a lower catalytic efficiency. 
The restricted specificity of PPIV may therefore result 
from both a sterically restricted binding site and poorer 
catalysis for substrates with Pl side chains. 
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